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Froude  method  severely  overestimates  the  resistance  of  a  SLICE  hull.  All  approaches 
predict  higher  total  resistances  than  Lockheed's  own  analysis,  which  is  based  on  a 
variation  of  Hughes  method.  This  thesis  predicts  that  speeds  of  greater  than  thirty 
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I .  INTRODUCTION 


In  the  development  of  new  vehicles,  resistance 
minimization  is  a  primary  design  focus  since  the  propelling 
force  must  match  this  drag.  In  general,  less  resistance 
permits  higher  speeds  and  decreases  fuel  consumption  for  the 
same  propulsion  plant.  Surface  ships  are  exposed  to  two 
mediums:  air  and  water.  This  thesis  focuses  on  the 

subsurface  resistances  of  the  SLICE  ATD  (Advanced  Technology 
Demonstration),  shown  in  Figure  1.1. 


The  SLICE  concept  was  developed  from  the  SWATH  hull .  A 
comparison  of  Figures  1.1  and  1.2  reveals  the  difference 
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between  the  two  hull  forms.  Essentially,  the  SLICE  design 
cuts  the  middle  section  out  of  the  SWATH's  struts  and  pods. 


Figure  1.2.  A  typical  SWATH  vessel  (Kennell,  1992). 

Two  accepted  approaches  used  to  extrapolate  ship 
resistances  from  model  data  are  the  ITTC  and  Hughes  methods 
(SNAME,  1988) .  These  techniques  break  up  a  model  resistance 
into  subsidiary  resistances  and  employ  Reynolds  and  Froude 
scaling  in  different  ways  to  predict  ship  resistance.  Both 
procedures  were  performed  on  the  SLICE  model  data. 

A  classical  ITTC  model  to  ship  calculation  was  done 
using  a  single  length  approximation.  This  first  guess  was 
expected  to  overestimate  the  ship  resistance  since  Kennell 
reported  that  the  single  length  ITTC  prediction 
overestimated  SWATH  resistances  (Kennell,  1992) .  These 
results  provided  an  upper  limit  by  which  other  extrapolation 
techniques  employed  on  the  SLICE  could  be  compared. 

It  was  established  that  the  resistance  characteristics 
of  a  SWATH  hull  differ  from  those  of  a  full  displacement 
monohull  (Kennell,  1992) .  The  source  of  this  difference  was 
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the  relationship  between  the  overall  length  and  the  wetted 
surface  area.  Figure  1.3  shows  equal  displacement  ships  and 
Kennel 1  documents  that  SWATH  ships  have  approximately  sixty 
percent  more  wetted  surface  area  than  monohulls  of  the  same 
displacement  (Kennell,  1992).  For  the  same  reason,  one 
would  expect  the  resistance  characteristics  of  a  SLICE  hull 
to  differ  from  those  of  the  monohull.  The  single  length 
procedure  uses  equivalent  flat  plates  of  the  prescribed 
length  and  area  for  resistance  predictions.  A  monohull  may 
be  approximated  in  this  manner  but  SWATH  research  indicates 
that  separate  evaluation  of  struts  and  pods  yields 
predictions  which  more  closely  match  actual  ship  data. 


'*  * 

Figure  1.3.  Comparison  of  an  equal  displacement  monohull 

and  SWATH  (Kennell,  1992)  . 

Using  the  ideas  of  Kennell,  the  SLICE  wetted  surface 
area  was  divided  into  strut  and  pod  components  (Kennell, 
1992) .  The  ITTC  method  was  applied  to  extrapolate  ship 
resistances  and  the  Hughes  method,  which  by  definition, 
predicts  smaller  ship  resistances  was  also  applied  to  the 
sectioned  hull. 
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Finally,  a  hybrid  procedure  analyzing  the  struts  as 
wing  shapes  and  the  pods  as  full  hull  forms  was  developed. 
The  hybrid  examination  results  fell  in  between  the  ITTC  and 
Hughes  estimates. 

The  Lockheed  Missile  and  Space  Company,  Inc.  designed 
the  SLICE  and  their  analysis,  also  a  variation  of  the  Hughes 
method,  predicted  lower  ship  resistances  than  those 
presented  here  (Lockheed,  1994) .  Even  though  the  drag  is 
larger,  this  thesis,  like  Lockheed,  anticipates  that  speeds 
of  greater  than  thirty  knots  are  achievable  with  the  primary 
engine  choice,  depending  on  the  overall  propulsive 
efficiency. 
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II .  MODELING  OVERVIEW 


A.  FROUDE  HYPOTHESIS 


By  Froude's  hypothesis,  the  total  resistance 
coefficient  CT  is  a  function  of  Reynolds  Number  Rn  and 
Froude  Number  Fn  .  Additionally,  the  total  resistance 
coefficient  may  be  divided  into  frictional  and  residual 
components.  The  frictional  resistance  coefficient  CF  is  a 
function  of  Reynolds  Number  only  while  the  residual 
resistance  coefficient  CR  depends  on  both  the  Reynolds 
Number  and  Froude  Number. 

CT{Rn,Fn)  =  CF{Rn)  +  CR{Rn,Fn) 

A  further  subdivision  of  the  residual  resistance 
coefficient  is  possible  by  understanding  that  the  wave 
making  resistance  coefficient  CWM  is  included  in  the 
residual  resistance  coefficient.  What  remains  of  the 
residual  resistance  coefficient  is  the  form  drag  coefficient 
CF0RM.  The  wave  making  resistance  coefficient  is  a  function 
of  the  Froude  Number  only  and  the  form  drag  coefficient  is 
constant  for  geometrically  similar  hulls. 

CR  ( Rn,  Fn)  =  Cmi  ( Fn)  +  CF0RM  (2) 

Therefore,  the  total  resistance  coefficient  is  given  by 
the  following  equation. 
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CT{Rn,Fn )  =  CF(Rn )  +  CWM(Fn )  +  CF0RM  ..  (■ 

A  correlation  allowance  CA  is  added  to  the  ship 
frictional  and  ship  residual  coefficients  to  give  the  ship 
total  resistance  coefficient.  Figure  2.1  shows  a  general 
division  of  the  model  and  ship  resistance  coefficients. 


Figure  2.1.  Model  and  ship  resistance  coefficients  versus 
Reynolds  Number  (Gilmer  and  Johnson,  1982) . 


B.  ITTC  METHOD 


The  ITTC  Method  follows  Froude's  hypothesis  for  the 
total  resistance  coefficient.  It  proposes  an  equation  that 
produces  a  curve  on  the  resistance  coefficient  CF  versus 
Reynolds  Number  plot  which  represents  the  portion  of  the 
total  coefficient  due  to  friction  as 
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0.075 


(4) 


F>gI0*«-2)2 

The  ITTC  method  maintains  the  concept  that  the  residual 
resistance  coefficient  is  comprised  of  the  wave  making 
resistance  and  form  drag  components.  The  wave  making 
resistance  coefficient  is  dependent  upon  the  Froude  Number. 
For  Froude  scaling,  the  model  and  ship  have  the  same  Froude 
Numbers.  Therefore,  for  a  given  Froude  Number  the  model 
wave  making  resistance  coefficient  is  equal  to  the  ship  wave 
making  coefficient.  Since  the  form  drag  coefficient  is 
constant  for  geometrically  similar  vessels,  the  wave  making 
and  form  drag  coefficients  can  be  analyzed  at  each  Froude 
Number  as  a  constant  sum  known  as  the  residual  resistance 
coefficient . 


CR  ( Rn,  Fn)  —  CWM  ( Fn)  +  CF0RM  ( 

In  this  way,  an  estimate  of  the  ship  total  resistance 
coefficient  may  be  derived  from  model  test  tank 
measurements .  The  component  breakdown  of  the  total 
resistance  coefficient  for  the  ITTC  method  is  shown  in 
Figure  2.2.  In  summary,  the  total  resistance  coefficient 
for  the  ITTC  method  is  given  by  the  following  equation. 

CT(Rn,Fn)  =  CF(Rn)  +  CR{Rn,Fn)  ( 
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Reynolds  Number 

Figure  2.2.  Total  resistance  coefficient  versus  Reynolds 
Number  for  an  ITTC  analysis. 


C .  HUGHES  METHOD 


The  Hughes  method  suggests  a  variation  on  Froude's 
hypothesis  and  modifies  the  friction  coefficient  curve.  Th< 
analysis  suggests  that  the  frictional  resistance  and  form 
drag  are  due  to  viscous  effects  and  are  therefore  both  a 
function  of  Reynolds  Number.  As  plotted  on  Figure  2.3,  the 
Hughes  curve  equation  for  the  frictional  resistance 
coef f icientCF0  is 


0.066 

(log10/to-2.03)2 


(7 


(8) 


The  analysis  proposes  that  the  form  drag  coefficient 
can  be  related  to  the  frictional  resistance  coefficient 
curve  by  some  constant  rj . 


C form  (Rn>  Fit)  —  T\  CfQ  (Rn) 

By  multiplying  the  frictional  resistance  coefficient  by 
a  form  factor  r,  the  form  drag  and  frictional  resistance 
components  are  combined  into  a  single  Reynolds  dependent 
term.  At  low  Froude  Numbers  the  wave  making  resistance  is 
negligible  and  therefore  at  a  low  speed  the  following  holds: 

CT{Rn,Fn)  =  CFO  ( Rn)  +  CF0RM  (Rn)  +  CWM  ( Fn)  (9) 

0 

CT{Rn,Fn)  =  {l  +  T1)CF0(Rn)  <10> 

CT{Rn,Fn)  =  rCF0(Rn)  <n) 

In  this  way,  the  form  factor  may  be  found  for  the  hull 
shape.  The  form  factor  is  constant  for  geometrically 
similar  hulls.  In  general,  the  total  resistance  coefficient 
may  be  written  in  the  form 


CT{Rn,Fn)  =  r  CF0{Rn)  +  CWM{Fn) 


(12) 


The  component  breakdown  of  the  total  resistance 
coefficient  is  shown  in  Figure  2.3.  The  residual  resistance 
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coefficient  for  the  Hughes  method  is  a  function  of  both  the 
Reynolds  Number  and  the  Froude  Number. 


CR{Rn,Fn)  =  CWM(Fn )  +  CF0RM(Rn) 


(13 


Reynolds  Number 

Figure  2.3.  Total  resistance  coefficient  versus  Reynolds 
Number  for  the  Hughes  analysis. 


D.  MODIFIED  HUGHES  METHOD 


A  further  investigation  was  developed  in  which  the 
struts  were  evaluated  as  wing  sections.  By  this  premise, 
one  may  consider  the  total  drag  attributed  to  the  struts  as 
equivalent  to  the  drag  of  a  geometrically  similar  wing 


was 


shape.  Using  Figure  2.4,  a  wing  drag  coefficient  Cdw 
extracted. 


Figure  2.4.  Section  drag  coefficient  versus  section  lift 
coefficient  for  a  NACA  0012-64  wing  section  (Abbott  and  von 

Doenhoff ,  1959) . 
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This  wing  drag  coefficient  however  does  not  account  for 
the  effects  of  wave  making  resistance.  Therefore,  a  wave 
making  term  must  be  added  to  account  for  its  absence. 

CrjRn,Fn)  =  CdjRn)  +  CmljFn)  <14> 

Applying  the  Froude  analysis  to  the  strut  total 
resistance  coefficient,  the  following  may  be  written  for  the 
strut  total  drag  coefficient. 

^TSim  ( Rn> Fn)  ~  C FoSmi  ( +  CwMSlm,  ( Fn)  +  CF0RMsirm  ^ 1 5  ^ 

By  assuming  that  at  low  Froude  Numbers,  in  other  words 
low  speeds,  the  wave  making  resistance  is  negligible,  the 
wing  drag  coefficient  is  equivalent  to  the  strut  total  drag 
coefficient.  This  allows  the  strut  form  drag  coefficient  to 
be  obtained  by  subtracting  the  strut  frictional  resistance 
coefficient  from  the  strut  total  drag  coefficient. 

Because  the  wetted  surface  area  was  fragmented,  the 
resistances,  not  the  coefficients,  were  be  used  to 
arithmetically  account  for  all  effects.  Once  the  portion  of 
the  form  drag  attributed  to  the  struts  was  known,  the  pod 
form  drag  was  calculated  by  subtracting  the  strut 
contribution  from  the  overall  form  drag  found  in  the  Hughes 
analysis . 


R 


FORM  Pod 


INFORM  R FORMs,m 


(16) 
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Due  to  the  shape  of  the  pods  (oblong  /  aspect  ratio) 
the  form  drag  coefficient  of  the  pods  were  considered 
functions  of  Reynolds  Number  and  were  therefore  Reynolds 
scaled  according  to  the  Hughes  method.  The  strut  was 
approximated  by  a  flat  plat  in  turbulent  flow  with  a 
constant  form  drag  coefficient.  Therefore,  it  is 
appropriate  to  separate  the  strut  and  pod  form  coefficients 
for  the  model  to  ship  scaling  process. 

Cformm {Rn,Fn)  =  r\  C^jRn)  ( 17 


C FORMSlm,  —  const 


(18) 


The  component  breakdown  of  the  total  resistance 
coefficient  is  shown  in  Figure  2.5.  Computationally,  the 
separate  resistance  coefficients  were  found  from  their 
respective  resistances  in  the  following  equation. 


RT{Rn,  Fn )  =  RFOc . ( Rn )  +  RFORMpod  ( Rn )  +  RWM{Fn )  +  R 


Equiv 


vwv 


xFORMs, m, 


(19) 


The  residual  resistance  coefficient  for  the  Hughes 
method  is  a  function  of  both  the  Reynolds  Number  and  the 
Froude  Number  and  was  found  from  the  summed  residual 
resistance. 


Rr  ( Rn,  Fn)  —  RWM  ( Fn)  +  Rj-orm  rd  ( Rn)  +  Rpqrm, 


(20) 
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Reynolds  Number 


Figure  2.5.  Total  resistance  coefficient  versus  Reynolds 
Number  for  the  modified  Hughes  method. 


In  essence,  the  Hughes  method  has  been  modified  such 
that  the  portion  of  the  form  drag  attributed  to  the  pods  was 
reduced  in  the  transfer  from  model  to  ship  by  Reynolds 
scaling  while  the  strut  portion  was  Froude  scaled.  An 
equivalent  Hughes  coefficient,  found  from  R Equiv,  an 
equivalent  resistance 


R 


Equiv  ( 


FO  +  R, FORMs,ru,  , 


(21) 


was  multiplied  by  the  form  factor  r ,  to  raise  this 
equivalent  Hughes  curve  to  the  desired  value  of  the  total 


resistance  coefficient  specified  by  the  Hughes  Method. 
Alternatively,  the  same  form  factor  would  be  found  by 
raising  the  original  Hughes  curve  to  a  value  equal  to  the 
total  resistance  coefficient  minus  an  equivalent  strut  form 
drag  coefficient. 
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III.  WETTED  SURFACE  AREA  AMD  METHOD  CALCULATIONS 


A.  DETERMINATION  OF  THE  WETTED  SURFACE  AREA 

The  wetted  surface  area  of  the  SLICE  hull  was 
calculated  from  the  Lockheed  ship  drawings  Pl-100-01  dated 
13  December  1994.  The  waterline  used  was  14  feet  (Lockheed, 
1994) .  For  calculation  of  the  wetted  surface  area  the  hull 
was  cut  into  numerous  sections  for  easier  analysis.  Figures 
3.1  through  3.4  show  how  the  submerged  hull  was  subdivided. 
Where  separate  calculated  surface  areas  overlapped, 
appropriate  area  values  were  subtracted  form  the  total . 

1.  Wetted  Surface  Area  One 

Wetted  surface  area  One  consisted  of  the  forward  angled 
piece  delineated  in  Figure  3 . 1  and  was  calculated  using 
triangular  geometry.  The  calculations  are  provided  in 
Appendix  A.  The  vertical  depths  were  taken  from  the  ship 
drawings  (Lockheed,  1994)  and  the  horizontal  distances  from 
the  strut  centerline  for  each  station  were  calculated  by 
geometry.  The  shortened  surface  chord  length  from  stations 
0  to  3 ,  due  to  the  intersection  with  the  wing  part  of  the 
strut,  was  accounted  for  by  decreasing  the  horizontal 
distance  from  the  centerline.  The  angle  between  centerline 
and  surface  intersection  with  DWL  was  constant  at  8.1 
degrees .  The  Simpson  Rule  was  used  to  calculate  the  wetted 
surface  area  of  one  side  of  one  piece  by  connecting  the 
surface  chords.  Therefore,  the  total  wetted  surface  area  of 
the  two  forward  angled  pieces  was  four  times  the  calculated 
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area  of  one  side.  To  ensure  accuracy,  a  trapezoidal  rule 
calculation  was  also  done. 


Figure  3.1.  Wetted  Surface  Areas  One  and  Two  (Lockheed, 

1994)  . 


2.  Wetted  Surface  Area  Two 


Wetted  surface  area  Two  consisted  of  the  aft  angled 
piece,  delineated  in  Figure  3.1.  The  same  procedure  used  to 
find  area  One  was  used  to  find  area  Two  and  the  calculations 
are  provided  in  Appendix  A.  Because  the  aft  connections  are 
different  from  the  forward  connections,  the  areas  for  the 
forward  pods  and  the  aft  pods  are  distinct. 

3 .  Wetted  Surface  Area  Three 

Area  Three  is  the  segment  of  the  forward  strut  portion 
which  is  wing  shaped  as  shown  in  Figure  3.2.  It  encompasses 
the  surface  from  the  DWL  to  the  fillet  which  connects  the 
strut  to  the  pod.  Depth  measurements  were  taken  off  SHIP 
drawings  (Lockheed,  1994)  and  the  Simpson  Rule  was  used  to 
calculate  surface  area.  To  ensure  accuracy,  a  trapezoidal 
rule  calculation  was  also  done.  Calculations  are  provided 
in  Appendix  A. 
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Figure  3.2.  Wetted  Surface  Areas  Three  and  Four  (Lockheed, 

1994)  . 

4.  Wetted  Surface  Area  Four 

Area  Four  is  the  segment  of  the  aft  strut  portion  which 
is  wing  shaped  as  shown  in  Figure  3.2.  The  same  procedure 
used  to  find  area  Three  was  used  to  find  area  Four  and  the 
calculations  are  provided  in  Appendix  A.  Because  the  aft 
struts  connect  to  the  aft  pods  in  a  geometrically  different 
way  than  the  forward  struts  and  pods,  the  fore  and  aft  areas 
are  different. 

5.  Wetted  Surface  Area  Five 

Area  Five  is  the  forward  fillet,  outlined  in  Figure  3.3 
and  consists  of  that  part  of  the  wetted  surface  which 
attaches  the  forward  struts  to  the  forward  pods .  The  ship 
drawings  (Lockheed,  1994)  provided  measurements  to  the  upper 
and  lower  coordinates  at  ship  stations .  Surface  chord 
lengths  between  these  two  points  were  calculated  and  the 
Simpson  Rule  was  used  to  calculate  the  surface  area.  To 
ensure  accuracy,  a  trapezoidal  rule  calculation  was  also 
done.  The  calculations  are  provided  in  Appendix  A. 
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Wetted  Surface  Area  Six 

Wetted  Surface  Area  Five 

L-^ - 1  1 

Figure  3.3 


Wetted  Surface  Areas  Five  and  Six  (Lockheed, 
1994) . 


6. 


Wetted  Surface  Area  Six 


Area  Six  is  the  aft  fillet,  outlined  in  Figure  3.3, 
corresponds  to  area  Five  of  the  forward  hull .  The  surface 
was  calculated  the  same  way  as  the  forward  fillet  but  due  to 
different  for  and  aft  connections,  the  areas  for  the  forward 
segment  and  the  aft  segment  are  distinct.  The  calculations 
are  provided  in  Appendix  A. 

7 .  Wetted  Surface  Area  Seven 

Wetted  surface  area  Seven  is  the  forward  pod,  outlined 
in  Figure  3.4.  Using  cylindrical  geometry,  circumferences 
were  calculated  at  each  station.  At  stations  where  the  pods 
connected  to  the  struts  and  fillets,  an  appropriate  arc 
lengths  was  subtracted  from  the  circumference.  The  Simpson 
Rule  was  used  to  calculate  surface  area  and  a  trapezoidal 
rule  was  done  as  a  check.  As  expected  the  Trapezoidal  rule 
supplied  a  smaller  value  since  the  nose  section's  surface  is 
curved  between  stations  rather  than  flat.  The  calculations 
are  provided  in  Appendix  A. 
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Figure  3.4.  Wetted  Surface  Areas  Seven  and  Eight  (Lockheed, 

1994)  . 


8.  Wetted  Surface  Area  Eight 


Figure  3.4  shows  wetted  surface  area  Eight  which  was 
calculated  in  the  same  manner  as  the  forward  pod.  As 
before,  the  aft  results  differ  form  the  forward  ones  because 
the  aft  connections  are  different  from  the  forward 
connections.  The  calculations  are  provided  in  Appendix  A. 


B.  ITTC  PROCEDURE  ON  A  SINGLE  LENGTH 


The  model  velocities  VM  and  model  Froude  Numbers  FnM 
were  taken  from  the  Lockheed  test  tank  data.  (Lockheed, 
1994)  The  desired  range  of  ship  velocities  Vs  was  from  5  to 
40  knots.  By  Froude  scaling,  the  model  Froude  Number  FnM 
is  equal  to  the  ship  Froude  Number  Fns  and  with  a  scaling 
factor  X  equal  to  8,  the  model  velocities  were  set  by  the 
following  relationship. 
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(22) 


M 


^fx 


Lockheed  ship  drawings  were  used  to  establish  a  ship 
wetted  surface  area  Ss  as  described  in  the  wetted  surface 
area  calculation  chapter  and  the  model  wetted  surface  area 
SM  was  calculated  by  relating  the  ship  wetted  surface  area 

and  the  scale  factor  A,  appropriately. 


S 


M  ~ 


X2 


(23) 


The  model  total  drag  RTm  provided  by  the  Lockheed 
towing  test,  was  the  force  required  to  move  the  model 
through  the  towing  tank  over  the  desired  range  of 
velocities.  From  the  model  total  drag  values,  model  total 
drag  coefficients  CTm  were  found.  The  test  tank  fluid 

density  pM  was  taken  to  be  for  fresh  water  at  68°F  or  20°C. 


Pm  = 


62.311 

,32.174 


slugs 


Rfu 

Cl"  “(ipvVtf) 


(24) 


(25) 


Equivalent  model  lengths  Lu^  were  calculated  from  the 

model  Froude  Numbers  and  model  velocities  where  g  is 
standard  gravity.  The  twenty  percent  trim  mean  was  taken  as 
an  average  equivalent  model  length  and  used  for  all 
subsequent  calculations . 
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(26) 


Reynolds  Numbers  were  calculated  based  on  the  average 
equivalent  model  length  and  model  velocities.  These  model 
Reynolds  Numbers/?nM  have  no  true  relation  to  the  actual 
geometry  of  the  model,  they  are  only  representations  of  flow 
over  a  flat  plate  of  equivalent  frictional  length.  The  test 
tank  fluid  kinematic  viscosity  vM  was  taken  to  be  for  fresh 

water  at  68°F  or  20°C. 


Using  the  ITTC  equation,  a  value  for  the  overall  model 
frictional  coefficient  CFu  was  found  and  using  this 

coefficient,  a  corresponding  model  frictional  resistance  RFm 
was  calculated. 


0.075  (30) 

(l°g]0  RnM  ~  2) 

*,»  =  c,,(JpAv3  (31) 
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The  model  residual  resistance  coefficient  CB  is  what 
remains  of  the  model  total  resistance  coefficient  once  the 
model  frictional  resistance  coefficient  is  subtracted  from 
it.  The  residual  resistance  is  mostly  due  to  wave  making 
resistance  and  these  were  considered  equivalent.  Since  the 
model  wave  making  resistance  coefficient  is  Froude  scaled, 
it  is  equal  to  the  ship  wave  making  coefficient  CWMs . 


(32) 


The  model  residual  resistance  RRm  ,  equivalent  to  the 
model  wave  making  resistance  RWMm  ,  was  calculated  from  the 
model  residual  resistance  coefficient. 

Rrm  ~  (t  Pm  $  m  )  =  ^ wmm  ^  ^  ^ 


For  the  ship  calculations,  the  ship  velocities  Vs  and 
an  equivalent  ship  length  were  calculated  using  Froude 

°Equiv 

scale  factor  relationships.  Again  by  Froude  similarity,  the 
ship  Froude  Number  matches  the  model  Froude  Number  for 
corresponding  speeds . 


M 


L,  —  A  Lm 

»Equiv  m  Equiv 


(34) 


(35) 
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Using  the  ship  velocities  and  the  equivalent  ship 
length,  equivalent  ship  Reynolds  Numbers  Rns  were  found  and 
used  to  calculate  ship  frictional  resistance  coefficients 
CFs  .  A  corresponding  value  of  the  ship  frictional 

resistance  RFs  was  found.  The  test  tank  fluid  kinematic 
viscosity  vM  and  fluid  density  pM  are  for  sea  water  at 
59°F  or  15°C.  This  is  the  standardized  temperature  for  ship 
resistance  calculations  (SNAME,  1988) . 


vs  =1.27908  xl(T5 


Ps  = 


64.042  \slugS- 
32.174  J  ft3 


Rns  = 


VnL, 


Equiv 


0.075 

(log.o  Rns  ~  2) 


RFS=CFS(2  PsSSVs) 


(36) 


(37) 


(38) 


(39) 


(40) 


Since  the  SLICE  hull  is  similar  to  the  SWATH  hull,  a 
correlation  allowance  of  0.0005  was  used.  Based  on 
research  this  value  is  most  appropriate  for  SWATH  vessels 
(Kennell,  1992)  .  It  is  noted  that  Lockheed  also  used  a 
correlation  allowance  of  0.0005  in  their  analysis  (Lockheed, 
1994) .  By  Froude  scaling,  the  ship  wave  making  resistance 
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coefficient  CWMs  equals  the  model  wave  making  resistance 
coefficient  at  corresponding  velocities.  Therefore,  the 
ship  total  resistance  coefficient  CTj  was  found  and  using 
this  coefficient,  a  ship  total  resistance  RTs  was  resolved. 

Cjj  =  CFs  +  CWMs  +CA  (41) 

Krs=CTt(iPsSsV!)  (42) 


The  ship  residual  resistance  coefficient  was  the 
remainder  of  the  model  total  resistance  coefficient  once  the 
ship  frictional  resistance  and  allowance  coefficient  were 
subtracted  from  it.  As  with  the  model,  the  residual 
resistance  was  analogous  to  the  wave  making  resistance.  A 
residual  resistance  was  also  calculated. 


*«,=C„,(ipsSsVs!) 


(44) 


C.  ITTC  PROCEDURE  ON  A  SECTIONALIZED  HULL 

The  same  values  for  model  velocities  VM,  model  Froude 
Numbers  FnM ,  scaling  factor  X,  model  wetted  surface  area  SM, 
model  total  drag  RTu ,  and  model  total  drag  coefficients  CTm 
were  used.  As  in  the  previous  analysis,  the  test  tank  fluid 


26 


density  pM  and  fluid  kinematic  viscosity  vM  were  taken  to 
be  for  fresh  water  at  68°F  or  20°C. 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  the 
proportional  model  lengths  LM  were  found.  Then,  Reynolds 
Numbers  were  calculated  for  each  of  the  model  sections . 
These  model  Reynolds  Numbers  RnM  represent  values  for  flow 
over  a  flat  plate  of  equivalent  frictional  length. 


Rn  -YmLm. 


Using  the  ITTC  equation,  a  value  for  the  section's 
model  frictional  coefficient  CF  was  found. 

FM 


CF  = 


0.075 


(l°SlO  RnM  2) 


From  the  ITTC  model  frictional  coefficients, 
corresponding  model  frictional  resistances  RFm  were 
calculated  for  each  section  and  then  summed  together  to  form 
an  overall  model  frictional  resistance. 
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Once  an  overall  frictional  resistance  was  found,  an 
equivalent  frictional  resistance  coefficient  CF  was  found 

MEquiv 

and  from  that  an  equivalent  Reynolds  Number  RnM and 
equivalent  length  LM  were  calculated. 

lVi  Equiv 


R, 


F“" 


2+ 


Rnu  -  10l 


0.075 


Equiv 


Equiv 


Rn,f  v„ 

M  Equiv  M 


M 


(49) 


(50) 


(51) 


The  model  residual  resistance  coefficient  C„  is  what 
remains  of  the  model  total  resistance  coefficient  once  the 
model  frictional  resistance  coefficient  is  subtracted  from 
it.  The  residual  resistance  is  mostly  due  to  wave  making 
resistance  and  these  were  considered  equivalent.  Since  the 
model  wave  making  resistance  coefficient  CWMu  is  Froude 

scaled,  it  is  equal  to  the  ship  wave  making  coefficient 

r 

^WMS  ' 


(52) 


The  model  residual  resistance  RRm  ,  equivalent  to  the 
model  wave  making  resistance  RWMm  ,  was  calculated  from  the 
model  residual  resistance  coefficient. 
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(53) 


Rrm  ~  CRu  ( 2  PMSMVM )  —  RWMk 


The  same  ship  velocities  Vs ,  ship  Froude  Numbers  Fns 
and  ship  wetted  surface  area  Ss  for  the  ITTC  method  were 
used  in  these  calculations.  As  before,  the  ship  fluid 
density  ps  and  fluid  kinematic  viscosity  vs  were  taken  to  be 

for  sea  water  at  59°F  or  15°C. 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  used  to 
calculate  Reynolds  Numbers .  These  ship  Reynolds  Numbers  Rns 
represent  values  for  flow  over  a  flat  plate  of  equivalent 
frictional  length. 


VL  (54) 


Using  the  ITTC  equation,  a  value  for  the  ship  section's 
frictional  coefficient  CF  was  found. 

0.075  (55) 

(log10^-2)2 


From  the  ship  section's  ITTC  frictional  coefficients, 
corresponding  ship  frictional  resistances  RFs  were 

calculated  for  each  section  and  these  were  summed  together 
to  form  an  overall  ship  frictional  resistance. 


*F,=c,,(ipAV/) 


(56) 
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RFs  =  X"=i  Rfs  n  =  number  of  sec  tions 


Once  an  overall  frictional  resistance  was  found,  an 
equivalent  ship  frictional  resistance  coefficient  CF  was 

sEquiv 

found  and  from  that  an  equivalent  ship  Reynolds  Number  Rns 
and  equivalent  ship  length  Ls  were  calculated. 


(i  PsSsVs) 


Rnc  = 10 


Rn .  v, 

^  Equiv  “ 


L„  = - 

^  Equiv  y 


The  correlation  allowance  CA  was  taken  to  be  0.0005, 
and  the  ship  wave  making  resistance  coefficient  CWMs  was 

taken  to  be  equal  to  the  model  wave  making  resistance 
coefficient  at  corresponding  velocities.  Therefore,  the 
ship  total  resistance  coefficient  Crjwas  found  and  using 
this  coefficient,  a  ship  total  resistance  RT  was  resolved. 


c  =c  +c  +r 

^  F_  T  Vmi/.  '  ^  A 


RTs  ~  CT<.{i  PsSsVs  ) 
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The  ship  residual  resistance  coefficient  was  the 
remainder  of  the  model  total  resistance  coefficient  once  the 
ship  frictional  resistance  and  allowance  coefficients  were 
subtracted  from  it.  As  with  the  model,  the  residual 
resistance  was  analogous  to  the  wave  making  resistance.  A 
residual  resistance  was  also  calculated. 

Crs  ~  (Qs  -  Cfs  ~ca)  =  cWMs 

*«,=C^(ipsSsV/)  (64) 

D.  HUGHES  PROCEDURE  ON  A  SECTIONALIZED  HULL 

The  values  for  model  velocities  V M ,  model  Froude 
Numbers  FnM ,  scaling  factor  X,  model  wetted  surface  area  SM, 
model  total  drag  RTu ,  and  model  total  drag  coefficients  CTm 
were  the  same  as  in  previous  analyses.  Again,  the  test  tank 
fluid  density  pM  and  fluid  kinematic  viscosity  vM  were 
taken  to  be  for  fresh  water  at  68°F  or  20°C. 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  the 
proportional  model  lengths  hM  were  found.  Then,  Reynolds 
Numbers  were  calculated  for  each  model  section.  These  model 
Reynolds  Numbers  RnM  represent  values  for  flow  over  a  flat 
plate  of  equivalent  frictional  length. 
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(65) 


Using  the  Hughes  equation,  a  value  for  each  section's 
model  frictional  coefficient  Crn  was  found. 


C  = 


0.066 


(lOg,0  ^Af  2.03) 


From  the  Hughes  model  frictional  coefficients, 
corresponding  model  frictional  resistances  RFOm  were 

calculated  for  each  section  and  then  summed  together  to  form 
an  overall  model  frictional  resistance. 


^FOm  -  Cfom  ( 2  PMSMVM) 


RFOm  =  X"=i  Rfom  n  =  number  of  sec  tions 


Once  an  overall  frictional  resistance  was  found,  an 
equivalent  model  frictional  resistance  coefficient  CF0 

M  Equiv 

was  found  and  from  that  an  equivalent  model  Reynolds 


Number  Rn, 


calculated. 


and  equivalent  model  length  LM  were 


(2  pmsmvm) 
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2.03+ 


RnMp  =10' 

1VI  Equiv 


0.066 


Equiv  J 


(70) 


Rnu  v. 


(71) 


Equiv 


M 


As  explained  in  Chapter  II,  the  form  factor  r  was  found 
by  raising  the  Hughes  curve  up  to  the  model  total  resistace 
coefficient  at  a  low  speed.  Figure  2.3  shows  the  new  curve 
which  is  the  product  of  multiplying  the  form  factor  and  the 
Hughes  equivalent  resistance  coefficients  The  new  curve  is 
the  sum  of  the  model  equivalent  frictional  resistance 
coefficient  and  the  model  form  drag  coefficient.  From  this, 
the  model  form  drag  coefficient  CFORMu  and  the  model  form 

drag  RF0RMu  were  found. 


C FORM,.  —  CF0..  l) 


M 


(72) 


RfORMm  —  CFORMm{  2  PmSMVm) 


(73) 


The  model  wave  making  CWMm  is  what  remains  of  the  model 
total  resistance  coefficient  once  the  model  frictional 
resistance  coefficient  and  model  form  drag  coefficient  are 
subtracted  from  it.  Since  the  model  wave  making  resistance 
coefficient  is  Froude  scaled,  it  is  equal  to  the  ship  wave 
making  coefficient  CWAfj . 


CWMU  -  (Ow  CFOm  CFORMm  )  -  (CTm  r  CFOm  )  -  C\VMS 


(74) 
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The  model  residual  resistance  Rr  ,  equivalent  to  the 
model  wave  making  resistance  RWM ,  was  calculated  from  the 
model  residual  resistance  coefficient  by  the  relation: 


Rru  ~  CrL  pMSMVM)  —  R, 


WM, 


(75) 


The  same  ship  velocities  Vs ,  ship  Froude  Numbers  Fns 
and  ship  wetted  surface  area  Ss  for  the  ITTC  method  were 
used  in  these  calculations.  As  before,  the  ship  fluid 
density  ps  and  fluid  kinematic  viscosity  vs  were  taken  to  be 

for  sea  water  at  59°F  or  15°C. 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  used  to 
calculate  Reynolds  Numbers .  These  ship  Reynolds  Numbers  Rns 
represent  values  for  flow  over  a  flat  plate  of  equivalent 
frictional  length. 


Rns  = 


V,L, 


its 


(76) 


Using  the  Hughes  equation,  a  value  for  the  ship 
frictional  coefficient  C F0S  was  found  for  each  section. 


C  = 
Wo* 


0.066 


(77) 


(logl0  Rns  -2.03) 


From  the  ship  Hughes  frictional  coefficients, 
corresponding  ship  frictional  resistances  RFOs  were 
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calculated  for  each  section  and  then  summed  together  to  form 
an  overall  ship  frictional  resistance. 


Rfos  ~  ^fos  ( 2  PsSsVs  ) 


(78) 


R 


F0< 


n  =  number  of  sec  tions 


(79) 


Once  an  overall  frictional  resistance  was  found,  an 
equivalent  ship  frictional  resistance  coefficient  CFn  was 

sEquiv 

found  and  from  that  an  equivalent  ship  Reynolds  Number  Rns 
and  equivalent  ship  length  Ls  were  calculated. 


R 


FOc 


'FOs^  (I  psSsVs2) 


Rn<  =  10' 


j 


°Equiv 


(80) 


(81) 


(82) 


Multiplying  the  ship  equivalent  frictional  resistance 
coefficients  by  the  established  form  factor  r  yields  a  new 
curve  which  is  the  sum  of  the  ship  equivalent  frictional 
resistance  coefficient  and  the  ship  form  drag  coefficient. 
Therefore  the  ship  form  drag  coefficient  CFORMs  and  the  ship 
form  drag  RF0RMs  can  be  found. 
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^ FORM  c  ~  C i:n,  if  l) 


RfORM'  ~  C FORM 0(2  PsSsVs  ) 


The  correlation  allowance  CA  was  taken  to  be  0.0005, 
and  the  ship  wave  making  resistance  coefficient  CWMs  was 
taken  to  be  equal  to  the  model  wave  making  resistance 
coefficient  at  corresponding  velocities.  Therefore,  the 
ship  total  resistance  coefficient  CTs  was  found  and  using 
this  coefficient,  a  ship  total  resistance  RT  was  resolved. 


^  FORM  s  ^WMS  '>r  C A 


v  —  Qv(  2  PsSsVs  ) 


The  ship  residual  resistance  coefficient  CRj  was  the 

remainder  of  the  model  total  resistance  coefficient  once  the 
ship  frictional  resistance  and  allowance  coefficients  were 
subtracted  from  it.  The  residual  resistance  RRs  includes  the 
wave  making  effects  and  the  form  drag. 


cRs  ~{cTs  cFOs  cA)  - [cWMs  +  CF0RMs ) 


Rrc  “  Crs{  2  PsSsVs  ) 
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E. 


MODIFIED  HUGHES  PROCEDURE  ON  A  SECTI ONALI ZED  HULL 


For  this  analysis,  the  values  for  model  velocities  VM, 
model  Froude  Numbers  FnM,  scaling  factor  X,  model  wetted 
surface  area  SM ,  model  total  drag  RTm  ,  and  model  total  drag 
coefficients  CTu  were  the  same  as  used  in  the  previous 
analyses.  Again,  the  test  tank  fluid  density  pM  and  fluid 
kinematic  viscosity  vM  were  taken  to  be  for  fresh  water  at 
68°F  or  2  0°C . 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  the 
proportional  model  lengths  Lu  were  found.  Then,  Reynolds 
Numbers  were  calculated  for  each  model  section.  These  model 
Reynolds  Numbers  RnM  represent  values  for  flow  over  a  flat 
plate  of  equivalent  frictional  length. 


Using  the  Hughes  equation,  a  value  for  each  section's 
model  frictional  coefficient  CPO  was  found. 


0.066 


(lOg10fl«M-2-03)2 


From  the  Hughes  model  frictional  coefficients, 
corresponding  model  frictional  resistances  RFOu  were 

calculated  for  each  section  and  then  summed  together  to  form 
an  overall  model  frictional  resistance. 
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(91) 


Once  an  overall  frictional  resistance  was  found,  an 
equivalent  model  frictional  resistance  coefficient  ^'F0ME,uiv 

was  found  and  from  that  an  equivalent  model  Reynolds 
Number and  equivalent  model  length  LM  were 

calculated. 


Here  is  the  modification  to  the  Hughes  Method.  Rather 
than  consider  it  as  a  single  term,  the  form  drag  was  further 
subdivided  into  strut  and  pod  components.  By  doing  this, 
results  from  a  separate  analysis  of  the  strut  were 
incorporated  into  the  model  research.  In  particular,  the 
struts  were  investigated  as  wing  shapes  whose  form  drag 
coefficient  was  a  constant. 
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The  wing  chosen  which  most  closely  resembled  the  struts 
was  NACA  0012-64.  Using  Figure  3.3,  a  wing  drag  coefficient 
C.  =0.0044  was  extracted.  The  wave  making  resistance  of  the 

“Wing 

strut  was  taken  to  be  negligible  at  a  low  Froude  Number. 

The  Froude  Number  chosen  was  where  the  model  total 
resistance  coefficient  was  minimum  at  low  speeds.  For  a 
Froude  Number  of  Fn  =  0.2,  the  model  strut  frictional 
resistance  coefficient  was  CPn  =0.004120136  and  this  was 

subtracted  from  the  wing  drag  coefficient  to  determine  the 
strut  form  drag  coefficient  CFORM^  . 

CForm  =  Cd  -CF0  =0.000279864  (96) 

rormStrut  aWing  rV  Strut  M 

The  model  strut  form  drag  RF0RMsimM  was  found  using  the 
model  strut  wetted  surface  area  SSlmlu  .  The  strut  surface 

area  was  taken  as  the  sum  of  wetted  surface  areas  One,  Two, 
Three,  Four,  Five,  and  Six. 

D  _  f  (±  n  c  w2 1  (97) 

IXFORMSlru,M  -  '-'FORMSmu  (  2  b> Strut M  VM) 


Then  the  model  frictional  resistance  and  the  model 
strut  form  drag  were  added  together  to  find  a  single 
equivalent  coefficient  CEquiVM  which  could  then  be  multiplied 

by  the  form  factor  r  to  raise  the  Hughes  curve  to  the  model 
total  at  low  Froude  Numbers . 

( d  ,n  )  (98 

\nFOU  _ _ FOKMs ,nl,M  j 
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The  model  wave  making  CWMu  was  found  by  subtracting  the 

model  frictional  resistance  coefficient  and  model  form  drag 
coefficient  from  the  model  total  resistance  coefficient. 
Since  the  model  wave  making  resistance  coefficient  is  Froude 
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scaled,  it  is  equal  to  the  ship  wave  making  coefficient  CWMs 

at  comparable  speeds.  Additionally,  the  model  wave  making 
resistance  RWMm  ,  was  calculated. 


(104) 


R\VMm  ~  Cwmm  (  2  PmVJ 


(105) 


The  model  residual  resistance  coefficient  C„  is  what 

remains  of  the  model  total  resistance  coefficient  once  the 
equivalent  model  frictional  resistance  coefficient  is 
subtracted  from  it.  The  model  residual  resistance  Rr 
includes  the  wave  making  resistance  and  the  form  drag. 

CRM  =(C^ 


-C, 


FOt 


MEquiv 


+  c 


(106) 


FORMm  t 


Rrm  —Crm{2  PmSmVm) 


(107) 


The  same  ship  velocities  Vs ,  ship  Froude  Numbers  Fns 
and  ship  wetted  surface  area  Ss  for  the  ITTC  method  were 
used  in  these  calculations.  As  before,  the  ship  fluid 
density  ps  and  fluid  kinematic  viscosity  vs  were  taken  to  be 
for  sea  water  at  59°F  or  15°C. 

Ship  lengths  Ls  for  each  pod  and  strut  section  were 
taken  from  the  ship  drawings  (Lockheed,  1994)  and  used  to 
calculate  Reynolds  Numbers .  These  ship  Reynolds  Numbers  Rns 
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represent  values  for  flow  over  a  flat  plate  of  equivalent 
frictional  length. 


VCL,  (108) 


Using  the  Hughes  equation,  a  value  for  the  ship 
frictional  coefficient  CFOs  was  found  for  each  section. 

_ 0.066  (109) 

F°s  ~  (log.o  Rns  -  2.03) 2 


From  the  ship  Hughes  frictional  coefficients, 
corresponding  ship  frictional  resistances  RFOs  were 
calculated  for  each  section  and  then  summed  together  to  form 
an  overall  ship  frictional  resistance. 


R 


FOs  ~ 


^FOs  (  2  PsSSVS  ) 


(110) 


R 


FOs 


n  =  number  of  sections 


(111) 


Once  an  overall  frictional  resistance  was  found,  an 
equivalent  ship  frictional  resistance  coefficient  CF0  was 

found  and  from  that  an  equivalent  ship  Reynolds  Number  Rns^u.v 
and  equivalent  ship  length  Ls  were  calculated. 


R 


FO  c 


(i  psSsV ?) 


(112) 
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The  difference  between  the  value  multiplied  by  the  form 
factor  and  the  premultiplied  value  was  set  equal  to  the  ship 
pod  form  drag  RFemM$  .  The  corresponding  ship  pod  from  drag 
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coefficient  CF0RM^d  was  calculated  using  the  ship  pod  wetted 
surface  area  SPod  . 


Rpnm,^  =(r— 1  )REauiv 


(118) 


(119) 


The  total  ship  form  drag  RF0RMs  was  the  strut  form  drag 
plus  the  pod  form  drag  and  using  the  entire  ship  wetted 
surface  area,  a  ship  form  drag  coefficient  CF0RMs  was  found. 


Rrm>M.  Rp 


:i20) 


(121) 


(ipAt2) 


Since  the  wave  making  resistance  coefficient  is  Froude 
scaled,  the  ship  wave  making  resistance  coefficient  CWM$  is 
equal  to  the  model  wave  making  coefficient  CWMm  .  The 
corresponding  ship  wave  making  resistance  RWMs ,  was  then 
quantified. 


C  -  C 


WAfc  ~ 


(122) 


R\vm r  —  C\ms  ( 2  PsSsVs  ) 


(123) 
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With  a  correlation  allowance  CA  of  0.0005,  the  ship 
total  resistance  coefficient  CTg  was  found  and  using  this 
coefficient,  the  ship  total  resistance  RTs  was  resolved. 


CT 


+  c 

^  ^ FORMs  “  ^WMS 


(124) 


Rts  ~  ^Ts  (  2  PsSsVs  ) 


(125) 


The  ship  residual  resistance  coefficient  CRs  was  the 

remainder  of  the  model  total  resistance  coefficient  once  the 
ship  frictional  resistance  and  allowance  coefficients  were 
subtracted  from  it.  The  residual  resistance  Rr  includes  the 
wave  making  effects  and  the  form  drag. 

CR  =[  CT  -CFO  -C, 

Rs  l  Ts  FOSEqm  A 


~  {Cy/M. 


+  c 


(126) 


FORM ? 


R*,=c,t(iPsssvs2) 


(127) 
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IV.  DISCUSSION  OF  RESULTS 


A.  METHOD  RESULTS 

1.  ITTC  Single  Length  Analysis 

As  previously  explained,  the  ITTC  single  length 
analysis,  provided  in  Appendix  B,  used  the  Lockheed  Froude 
Numbers  to  set  the  model  length.  Figure  4.1  shows  the  test 
tank  model  drag  divided  into  frictional  and  residual 
components.  The  frictional  portion,  steadily  increases  with 
velocity  and  the  residual  resistance  is  just  the  difference 
between  the  total  and  frictional  resistances .  The 
frictional  resistance  was  Reynolds  scaled  to  predict  the 
ship  quantity.  Since  the  ITTC  method  follows  the  classical 
Froude  resistance  procedure,  the  residual  resistance  was  not 
divided  into  form  and  wave  making  components .  The  entire 
residual  element  was  Froude  scaled  to  estimate  the  ship 
residual  component.  Figure  4.2  shows  the  result  of 
combining  the  ship  frictional  and  ship  residual  resistances. 

For  both  the  model  and  ship  calculations  the  major 
component  of  the  total  was  the  residual  resistance.  This 
suggested  a  need  to  more  closely  examine  the  Froude  scaled 
resistances  of  the  SLICE. 

The  most  noticeable  characteristic  of  Figures  4.1  and 
4 . 2  are  the  two  humps .  These  humps  can  be  related  to 
similar  findings  with  SWATH  hulls.  Plots  of  residual 
resistance  coefficients  versus  Froude  Number  of  SWATH 
vessels  exhibit  prismatic  humps  followed  by  primary  humps 
(Kennell,  1992).  Figure  4.3  shows  such  a  plot  for  a  SWATH 
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vessel  and  Figures  4.4  and  4.5  show  similar  plots  for  the 
SLICE  model  and  ship.  Whereas  the  prismatic  hump  for  a 
SWATH  vessel  is  generally  found  near  a  Froude  Number  of  0.3, 
the  prismatic  hump  for  the  SLICE  is  shifted  left  to  a  Froude 
Number  of  0.23.  Similarly,  the  primary  hump  of  a  SWATH  is 
found  near  a  Froude  Number  of  0 . 5  while  the  hump  appears  at 
0.31  for  the  SLICE.  These  figures  show  that  the  residual 
resistance  is  the  major  component  of  the  total  in  mid-range 
speeds . 


2 .  ITTC  Sectionalized  Hull  Analysis 

The  ITTC  sectionalized  hull  analysis  is  provided  in 
Appendix  B.  By  sectioning  the  hull,  the  portion  of  the  test 
tank  model  drag  associated  with  friction  was  increased. 

Thus,  a  larger  part  of  the  total  resistance  was  dependent  on 
the  Reynolds  Number  and  a  smaller  part  was  dependent  on  the 
Froude  Number.  Although  an  equivalent  Froude  Number  based 
on  the  equivalent  length  could  be  found,  the  Froude  Number 
used  was  the  same  as  in  the  single  length  calculations.  As 
Figure  4.6  shows,  at  high  speeds  the  model's  frictional 
percentage  was  greater  than  the  residual  percentage.  In  the 
previous  analysis,  the  residual  resistance  percentage  was 
always  greater  than  the  frictional  quantity.  The  result  of 
altering  the  relative  Reynolds  and  Froude  Number  dependence 
in  this  way  was  a  decrease  in  predicted  ship  total 
resistance,  most  noticeably  at  higher  speeds. 

Although  the  model's  frictional  resistance  was  greater 
than  the  residual  portion  at  high  speeds,  Figure  4.7  shows 
the  same  was  not  true  for  the  ship.  This  occurs  because 
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when  predicting  ship  quantities,  the  Froude  scaled 
resistances  increase  more  than  the  Reynolds  scaled  ones. 

Figures  4 . 8  and  4 . 9  show  that  the  prismatic  and  primary 
humps  are  located  at  the  same  Froude  Numbers  as  in  the 
previous  analysis  and  there  is  no  sign  of  an  additional  hump 
at  higher  Froude  Numbers.  The  model  friction-residual 
switch  which  was  shown  in  Figure  4 . 6  appears  in  Figure  4 . 8 
at  the  corresponding  Froude  Number.  As  in  Figure  4.7, 

Figure  4 . 9  shows  that  there  is  not  a  switch  once  the 
quantities  have  been  expanded  to  the  ship.  As  before,  the 
residual  resistance  coefficient  continues  to  taper  off  after 
the  primary  hump.  And,  as  in  the  first  case,  the  residual 
was  the  primary  source  of  resistance  throughout  the  speed 
range  of  the  ship. 

3.  Hughes  Sectionalized  Hull  Analysis 

It  was  decided  to  more  closely  examine  the  Froude 
scaled  resistances  of  the  SLICE  hull.  Trying  a  different 
approach,  the  Hughes  method  was  chosen  because  it  further 
breaks  down  the  residual  resistance  into  form  and  wave 
making  components.  From  previous  discussion,  it  was  shown 
that  the  form  drag  could  be  Reynolds  scaled  and  the  wave 
making  Froude  scaled.  The  Hughes  sectionalizeded  hull 
analysis  is  provided  in  Appendix  B. 

Integral  to  the  Hughes  method  is  the  idea  that  at  low 
Froude  Numbers,  the  wave  making  resistance  is  negligible. 

In  fact,  this  idea  was  used  to  find  the  form  factor. 

Figures  4.10  and  4.11  show  the  frictional  and  residual 
breakdown  for  this  approach.  In  order  to  compare  this 
analysis  with  the  ITTC  methods,  it  was  necessary  to  show  the 
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resistance  division  as  a  function  of  the  Reynolds  and  Froude 
Numbers.  Figures  4.12  and  4.13  show  the  dramatic  shift  in 
relative  Froude  and  Reynolds  Number  dependencies  of  the 
Hughes  approach.  Very  apparent  is  that  at  high  speeds  the 
total  drag  is  almost  entirely  due  to  Reynolds  dependent 
resistances  whereas  for  the  ITTC  cases,  the  Froude  scaled 
component  was  dominant . 

Figures  4.14  through  4.17  show  the  plots  of  resistance 
coefficients  vs.  Froude  Number  for  this  method.  As  in  the 
ITTC  analyses,  once  the  Froude  Number  is  greater  than  0.3, 
the  residual  and  total  coefficients  taper  off  and  there  is 
no  sign  of  another  hump  or  increase. 

Figures  4.18  and  4.19  show  the  model  division  and  ship 
predicted  composition  of  the  residual  resistance.  From  the 
above  investigation,  an  important  concept  of  the  procedure 
was  revealed.  This  method  predicts  very  little  wave  making 
resistance  at  high  speeds  for  the  SLICE  hull.  Note  that  the 
Froude  scaled  resistance  equals  the  wave  making  resistance. 
The  residual  resistance  of  the  sectionalized  Hughes  analysis 
is  almost  entirely  from  the  form  drag.  A  video  of  the  model 
in  the  test  tank  supports  the  concept  of  small  wave 
generation  at  high  speeds . 

4.  Modified  Hughes  Sectionalized  Hull  Analysis 

Recall  that  for  Froude 's  hypothesis  and  the  ITTC 
scaling  procedure,  the  form  drag  component  was  Froude 
scaled,  i.e.,  constant  for  each  Froude  Number.  But,  in  the 
Hughes  analysis,  all  of  the  form  drag  was  Reynolds  scaled. 
Since  it  played  such  an  important  role  in  the  Hughes  method, 
a  further  subdivision  of  the  form  drag  was  undertaken  such 
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that  the  pod  portion  was  Reynolds  scaled  and  the  strut 
portion  was  Froude  scaled.  The  modified  Hughes 
sectionalized  hull  analysis  is  provided  in  Appendix  B. 

Figures  4.20  through  4.23  show  the  frictional  and 
residual  breakdown  for  the  hybrid  procedure.  In  order  to 
compare  this  analysis  with  the  ITTC  methods,  the  resistance 
was  divided  into  parts  which  were  functions  of  the  Reynolds 
and  Froude  Numbers.  Figures  4.24  through  4.27  show  that 
this  alteration  only  slightly  shifts  the  relative  Reynolds 
and  Froude  Number  dependencies  back  toward  the  ITTC  ratios. 
Figures  4.28  and  4.29  can  be  compared  to  Figures  4.18  and 
4.19  of  the  Hughes  method  for  the  purpose  of  showing  the 
results  of  varying  the  residual  resistance  dependency. 

Because  of  the  shift  toward  Froude  scaling,  the 
predicted  ship  total  resistance  for  this  method  was  slightly 
higher  than  the  sectionalized  Hughes  method.  It  was  still 
considerably  lower  than  both  the  ITTC  analyses. 


B.  COMPARISON  OF  METHOD  RESULTS 


1.  Frictional  Resistance  Comparison 

Figure  4.30  compares  the  model  frictional  resistance 
components  of  the  various  methods.  The  single  length 
method's  percentage  of  the  model  total  resistance  was  less 
than  the  sectioned  hull  methods.  The  Hughes  and  modified 
Hughes  methods  used  the  same  frictional  resistance  values. 
Figure  4.30  also  includes  the  Lockheed  skin  friction  which 
was  greater  than  classical  ITTC  and  Hughes  assessments.  By 
definition,  the  Hughes  equation  yields  lower  frictional 
resistance  coefficients  than  the  ITTC  equation  and  the  two 


51 


sectioned  hull  resistance  curves  of  Figure  4.30  show  that. 
Figure  4.31  shows  the  ship  frictional  resistances  and  the 
Lockheed  ship  skin  friction.  Because  they  were  all  Reynolds 
scaled,  the  ship  frictional  resistance  curves  follow  the 
same  trend  as  the  model  curves . 

2.  Residual  Resistance  Comparison 

Figure  4.32  compares  the  model  residual  resistances  for 
the  various  procedures.  Also  plotted  was  the  Lockheed 
residual  which  taken  as  equal  to  the  Lockheed  sum  minus  the 
Lockheed  skin  friction.  The  single  length  method  gave  a 
larger  percentage  of  the  total  to  the  residual  resistance 
compared  to  the  sectioned  hull  approaches.  Note  that  the 
Hughes  and  modified  Hughes  methods  have  the  same  model 
residual  resistances. 

Figure  4.33  shows  the  predicted  ship  residual 
resistances  for  the  procedures.  The  residual  resistance  was 
Froude  scaled  in  the  ITTC  methods  but  was  Reynolds  scaled  in 
the  Hughes  method.  The  modified  Hughes  method  combined  both 
Reynolds  and  Froude  scaling  to  predict  the  ship  residual 
resistance.  The  figure  shows  that  Froude  scaling  resulted 
in  higher  predicted  ship  quantities  when  compared  to 
equivalent  Reynolds  scaling.  Since  the  modified  Hughes 
method  was  a  combination  of  the  two  scaling  procedures,  the 
predicted  values  fell  in  between  the  ITTC  and  Hughes 
estimates . 

Figure  4.34  compares  the  division  of  the  model  residual 
resistance  for  the  Hughes  and  modified  Hughes  methods.  Both 
methods  started  with  the  same  model  total  residual 
resistance  and  had  the  essentially  the  same  wave  making  and 
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form  drag  components .  Because  the  form  factors  were  only 
taken  to  two  decimal  points,  slight  differences  on  the  order 
of  less  than  a  pound  do  exist  between  the  two  method's 
component  values.  Since  the  model  figure  is  only  a  synopsis 
of  the  data,  Figure  4.34  only  shows  one  curve  for  each  of 
these  resistance  constituents.  The  modified  Hughes  method 
division  of  strut  and  pod  form  drags  were  also  plotted. 

Figure  4.35  shows  the  division  of  the  predicted  ship 
residual  resistances  for  the  Hughes  and  modified  Hughes 
methods.  The  figure  shows  that  the  modified  Hughes  method 
predicted  higher  overall  ship  residual  resistances.  The 
ship  wave  making  resistances  for  both  methods  was  the  same 
since  it  was  Froude  scaled  in  both  instances.  Although  not 
explicitly  calculated,  the  predicted  ship  pod  drag  of  the 
Hughes  method  matched  the  modified  Hughes  value  since  it  was 
Reynolds  scaled  in  both  methods.  Therefore,  the  source  of 
the  increased  predicted  ship  residual  resistance  was  the 
strut  form  drag.  It  was  identified  that  Froude  scaling 
resulted  in  higher  predicted  ship  values  when  compared  to 
Reynolds  scaling.  Since  the  strut  form  drag  was  Froude 
scaled  in  the  modified  Hughes  Method,  its  value  was  greater 
than  the  Hughes  method  Reynolds  scaled  counterpart. 

From  this  investigation,  one  can  see  that  for  the 
modified  Hughes  method,  any  variation  of  the  wetted  surface 
area  division  would  result  in  a  ship  residual  resistance 
somewhere  between  the  higher  ITTC  sectioned  hull  estimate 
and  the  lower  Hughes  sectioned  hull  estimate.  In  other 
words,  if  the  residual  resistance  has  any  combination  of 
Reynolds  and  Froude  scaling,  the  resulting  quantity  will  lie 
in  between  the  Froude  scaled  ITTC  method  and  the  Reynolds 
scaled  Hughes  method. 
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3. 


Reynolds  Scaled  Resistances 


Figure  4.36  compares  the  Reynolds  scaled  portion  of  the 
model  resistance  for  each  method  and  also  includes  the 
Lockheed  skin  friction  for  the  model.  The  Reynolds 
resistance  equaled  the  frictional  resistance  for  both  the 
ITTC  methods.  The  Reynolds  resistance  of  the  Hughes  method 
included  both  the  frictional  and  form  drag  components.  The 
Reynolds  scaled  resistance  of  the  modified  Hughes  method  was 
comprised  of  the  frictional  resistance  and  the  pod  portion 
of  the  form  drag  since  the  strut  drag  was  Froude  scaled. 

Figure  4.37  shows  the  result  of  Reynolds  scaling  the 
model  resistances  of  Figure  4.36.  The  relative  order  of  the 
ship  curves  remained  the  same.  In  the  residual  resistance 
discussion  it  was  shown  that  Reynolds  scaling  predicts  lower 
ship  quantities  when  compared  to  Froude  scaling.  It  will  be 
shown  that  the  methods  which  Reynolds  scaled  larger 
percentages  of  the  model's  total  resistance  predicted  lower 
ship  total  resistances. 

4.  Froude  Scaled  Resistances 

Figure  4.38  compares  the  Froude  scaled  portion  of  the 
model  resistance  for  each  method.  The  figure  also  includes 
the  Lockheed  residual  which  was  taken  as  the  Lockheed  sum 
minus  the  Lockheed  skin  friction.  The  Froude  resistance 
equaled  the  residual  resistance  for  both  the  ITTC  methods. 
The  Froude  resistance  of  the  Hughes  method  was  the  wave 
making  component  only  and  the  Froude  scaled  resistance  of 
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the  modified  Hughes  method  included  both  the  wave  making  and 
strut  portion  of  the  form  drag. 

Figure  4.39  shows  the  result  of  Froude  scaling  the 
model  resistances  of  Figure  4.38.  The  relative  order 
remained  the  same.  It  will  be  shown  that  assigning  larger 
percentages  of  the  model ' s  total  resistance  to  Froude 
scaling  results  in  higher  ship  total  resistances  since 
Froude  scaling  predicts  higher  ship  quantities  compared  to 
Reynolds  scaling. 

The  Lockheed  residuals  were  provided  in  Figures  4.38 
and  4.39  for  comparative  purposes  only.  It  was  not  within 
the  scope  of  this  thesis  to  evaluate  Lockheed's  analysis. 

It  is  sufficient  to  note  that  the  Lockheed  evaluation  of 
residual  resistance  varied  from  this  thesis  procedure  as 
evidenced  by  the  difference  in  model  and  ship  curve  shapes 
for  the  Lockheed  residual  resistance. 

5.  Total  Resistance  Comparison 

All  methods  started  with  the  same  model  total 
resistance.  Figure  4.40  compares  the  predicted  ship 
resistances  from  each  method  and  Table  1  ranks  the  ship 
totals,  the  frictional  and  residual  divisions  of  the  model 
and  ship.  The  Lockheed  sum,  also  plotted  in  Figure  4.40, 
was  less  than  all  analyses  covered  in  the  thesis. 

The  Reynolds  and  Froude  scaled  resistance  comparison 
provided  the  best  insight  into  the  analyses  of  the  thesis . 
Previously,  it  was  stated  that  Froude  scaling  a  resistance 
resulted  in  higher  ship  values  compared  to  Reynolds  scaling. 
Since  the  ITTC  methods  Froude  scaled  all  residual 
resistances,  the  ITTC  methods  predicted  the  highest  ship 
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total  resistances.  The  Hughes  method  Reynolds  scaled  all 
its  residual  resistance  and  therefore  predicted  the  lowest 
total  resistance.  The  modified  Hughes  method  fell  between 
the  ITTC  and  Hughes  method  because  it  applied  both  Reynolds 
and  Froude  scaling  to  portions  of  its  residual  resistance. 
The  sectioned  hull  procedure  provided  lower  ship  total 
resistances  compared  to  the  single  length  procedure.  Table 
2  summarizes  the  Reynolds  and  Froude  Number  scaling  results. 


Rank  of  Quantities 

(highest=l,  lowest=5) 

Model 

RF 

Model 

Rr 

Ship 

RF 

Ship 

Rr 

Ship 

Rt 

ITTC  Single  Length 

5 

1 

5 

1 

1 

ITTC  Sectioned  Hull 

2 

4 

2 

2 

2 

Hughes  Sectioned  Hull 

3 

2 

3 

4 

4 

Modified  Hughes 

3 

2 

3 

3 

3 

Lockheed 

1 

5 

1 

5 

5 

Table  1.  Comparison  of  method  derived  frictional,  residual 

and  total  resistances. 


Rank  of  Quantities 

Model 

Model 

Ship 

Ship 

Ship 

(highest=l,  lowest=4) 

Rrh 

Rm 

Rrii 

Rfii 

Rt 

ITTC  Single  Length 

4 

1 

4 

1 

i 

ITTC  Sectioned  Hull 

3 

2 

3 

2 

2 

Hughes  Sectioned  Hull 

1 

4 

1 

4 

4 

Modified  Hughes 

2 

3 

2 

3 

3 

Table  2 .  Comparison  of  Reynolds  and  Froude  scaled 
resistance  components. 
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c. 


PROPULSION 


The  ship  horsepower  or  SHP  defines  whether  the  ship 
will  meet  the  desired  speed  of  thirty  knots .  There  are 
three  engines  under  consideration  for  the  SLICE.  The 
Lycoming  TF  40  is  the  highest  rated  at  3994  horsepower  for 
continuous  operation.  With  two  engines  installed  and 
accounting  for  losses,  the  delivery  of  6850  total  installed 
horsepower  is  estimated  for  sustained  operation  (Lockheed, 
1994)  . 

Figure  4.41  shows  the  predicted  SHP  versus  ship  speed 
and  Figure  4 . 42  shows  a  close-up  of  thirty  knots .  The 
following  observations  can  be  made  concerning  the  desire  to 
cruise  at  thirty  knots.  At  thirty  knots,  only  the  ITTC 
single  length  approach  estimates  a  larger  horsepower 
requirement  than  what  the  proposed  engines  can  deliver.  All 
other  methods  suggest  that  the  planned  engineering 
configuration  will  propel  the  ship  at  speeds  of  greater  than 
thirty  knots  for  sustained  operations . 

The  effective  horsepower,  EHP,  is  a  means  by  which  a 
propulsion  plant's  efficiency  can  be  labeled.  It  is  found 
by  relating  the  ship  total  resistance  RTs ,  in  pounds  force, 

and  the  ship  velocity  V5,  in  feet  per  second.  The  550  in 
the  denominator  converts  the  value  to  horsepower . 


EHP  = 


RtVs 

550 


(128) 


The  SHP  is  found  by  dividing  the  effective  horsepower 
EHP  by  some  propulsive  coefficient,  PC,  here  equal  to  0.73 
(Lockheed,  1994) . 
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Figure  4.1.  ITTC  model  resistances  versus  model  velocity 


for  a  single  length  analysis  of  the  SLICE  hull. 


Figure  4.2.  ITTC  ship  resistances  versus  ship  velocity  for 
a  single  length  analysis  of  the  SLICE  hull. 


Figure  4.3.  Residuary  resistance  coefficients  versus  Froude 

Number  (Kennell,  1992) . 
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Figure  4.6.  ITTC  model  resistances  versus  model  velocity 
for  the  sectionalized  SLICE  hull. 


Figure  4.7.  ITTC  ship  resistances  versus  ship  velocity  for 
the  sectionalized  SLICE  hull. 
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Resistance  (lbf.)  '  Resistance  (lbf 


Figure  4.12.  Hughes  model  resistances  as  functions  of 
Reynolds  and  Froude  Numbers  versus  model  velocity  for  a 

sectionalized  SLICE  hull. 


Figure  4.13.  Hughes  ship  resistances  as  functions  of 
Reynolds  and  Froude  Numbers  versus  ship  velocity  for  the 

sectionalized  SLICE  hull. 


Resistance  Coefficient  (D  ^  Resistance  Coefficient 
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Resistance  (lbf 


Figure  4.24.  Modified  Hughes  model  resistances  as  functions 
of  Reynolds  and  Froude  Numbers  versus  model  velocity  for  the 

sectionalized  SLICE  hull. 


Figure  4.25.  Modified  Hughes  ship  resistances  as  functions 
of  Reynolds  and  Froude  Numbers  versus  ship  velocity  for  the 

sectionalized  SLICE  hull. 


Coefficient 


Figure  4.28.  Modified  Hughes  model  residual  resistances 
versus  model  velocity  for  the  sectionalized  SLICE  hull. 


Figure  4.29.  Modified  Hughes  ship  residual  resistances 
versus  ship  velocity  for  the  sectionalized  SLICE  hull. 


lbf 


Velocity  (fps) 


Figure  4.30.  Comparison  of  model  frictional  resistances 
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Resistance  (lbf 


Resistance  (lbf 


Figure  4.34.  Comparison  of  the  model  residual  resistance 
division  for  the  Hughes  and  modified  Hughes  methods. 
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Resistance  (lbf 


Figure  4.35.  Comparison  of  ship  residual  resistance 
division  for  the  Hughes  and  modified  Hughes  methods. 


Resistance  (lbf 


Figure  4.36.  Comparison  of  the  Reynolds  scaled  portion 


the  model  resistance. 


Figure  4.37.  Comparison  of  the  ship  Reynolds  scaled 

resistances . 
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Resistance  (lbf 


Figure  4.38.  Comparison  of  the  Froude  scaled  portion  of  the 

model  resistance. 


Resistance  (lbf 


Figure  4.39.  Comparison  of  the  ship  Froude  scaled 

resistances . 
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SHP  (hp) 


Figure  4.42.  Close-up  of  the  SHP  curves  near  30  knots. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSION 

The  wetted  surface  area  of  the  SLICE  hull  form  is 
radically  different  from  a  full  displacement  monohull  and 
also  varies  significantly  from  the  SWATH  hull.  Because  of 
this,  standard  procedures  for  predicting  ship  resistances 
from  model  test  tank  data  cannot  be  used. 

The  thesis  decomposed  the  total  resistance  into  pod  and 
strut  components  and  further  divided  these  into  frictional, 
form  and  wave  making  components.  Additionally,  the 
resistances  were  categorized  as  functions  of  the  Reynolds 
and  Froude  Numbers .  The  Hughes  method  provided  the  means  by 
which  the  residual  resistance  was  divided  into  form  and  wave 
making  components.  Ship  scaling  processes  do  not  usually 
decompose  the  form  drag,  but  in  the  case  of  the  SLICE,  two 
factors  lead  to  a  further  investigation  of  the  form  drag. 
First,  the  model  had  a  large  form  factor  which  meant  that 
the  form  drag  was  almost  equal  to  the  frictional  resistance. 
Second,  the  geometry  of  the  wetted  surface  area  provided  a 
natural  separation  of  the  hull  for  unattached  strut  and  pod 
analysis . 

A  large  difference  between  the  ITTC  and  Hughes 
predictions  existed  so  a  modified  Hughes  method  was 
developed  which  combined  ideas  from  both  processes .  In 
particular,  the  pod  form  drag  was  Reynolds  scaled  according 
to  the  Hughes  and  the  strut  form  drag  was  Froude  scaled  as 
in  the  ITTC  method.  The  hybrid  procedure  examination 
results  fell  in  between  the  ITTC  and  Hughes  estimates. 
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Concerning  the  design  criterion  that  the  ship  go  at 
least  thirty  knots,  only  the  classical  ITTC  single  length 
determined  that  the  ship  required  more  power.  But,  as 
previously  stated,  the  ITTC  single  length  resistance  was 
concluded  to  be  an  overestimate.  Assuming  the  propulsive 
coefficient  does  not  vary  much  from  the  designer's  value  of 
0.73,  the  Hughes  and  the  modified  Hughes  method  predict  that 
thirty  knots  is  achievable. 

B.  RECOMMENDATIONS  FOR  FURTHER  RESEARCH 


Follow-on  research  should  include  further  investigation 
of  the  breakup  of  the  form  drag.  In  particular,  a 
computational  fluid  dynamic  study  of  the  struts  and  pods  as 
separate  entities  could  be  done  to  validate  the  modified 
Hughes  method.  This  analysis  might  lead  to  a  different 
division  of  Reynolds  and  Froude  scaled  quantities. 

It  would  be  beneficial  to  include  the  stabilizers  and 
canards  in  resistance  calculations.  This  was  not  done  here 
because  the  dimensions  of  these  were  not  known  since  they 
were  not  on  the  ship  drawings .  These  components  would  most 
likely  be  Reynolds  scaled  since  they  are  similar  to  flat 
plates.  Additionally,  the  effect  of  varying  the  angles  of 
the  stabilizers  and  canards  could  be  studied  via 
computational  fluid  dynamics. 
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APPENDIX  A.  WETTED  SURFACE  AREA  CALCULATION 


The  wetted  surface  area  of  the  SLICE  hull  was 
calculated  from  the  ship  drawings  (Lockheed,  1994) .  The 
waterline  was  14  feet.  Tables  3  through  10  show  the 
calculations  used  to  determine  the  surfaces  of  the  submerged 
hull  shown  in  Figures  3 . 1  through  3.4.  Where  separate 
calculated  surface  areas  overlapped,  appropriate  area  values 
were  subtracted  form  the  total. 


Ship 

Drawings 

n 

Horizontal 
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l 

Simpson 

Simpson 

Simpson 
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Trapezoid 
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Vertical 
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■ 

Height 

From  Strut  CL 
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2 
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32 

4 
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4.14 

1 

4.14 
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14 
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4 
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1.47 
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8 

1 
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2 

2.01 

0 . 69 
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4 
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0.51 

4 

2.02 

Simpson 

0.38 

2.00 

3 

0.375 

0.07 

iKEE 

2 
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2.50 

1.5 

■ 

0.07 

HEBE 

4 
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0.15 
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0 

L 

1  0 
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■ 

E 

■ 
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■ 
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■ 

■ 

(One  Side)  = 

18.36 
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Table  3.  Calculation  of  Wetted  Surface  Area  One. 
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Ship 

Drawings 

Station 

Vertical 

Simpson 

Simpson 

Simpson 

Ship 

Trapezoid 


Strip 


Total  Area  of  AREA  2  (One  Side)  - 
Trapezoidal  Strip  Area  Check  - 


Table  4.  Calculation  of  Wetted  Surface  Area  Two. 


Table  5.  Calculation  of  Wetted  Surface  Area  Three. 
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Table  6.  Calculation  of  Wetted  Surface  Area  Four. 
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Table  7.  Calculation  of  Wetted  Surface  Area  Five. 
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Table  8.  Calculation  of  Wetted  Surface  Area  Six. 
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Trapezoid 

Strip 


Area 


(ft. *2) 


Total  Surface  Area  of  AREA  7 
Trapezoidal  Strip  Area  Check 


I  517.03] 


Table  9.  Calculation  of  Wetted  Surface  Area  Seven. 


Table  10 .  Calculation  of  Wetted  Surface  Area  Eight . 
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APPENDIX  B.  RESISTANCE  CALCULATIONS 


A.  ITTC  SINGLE  LENGTH  METHOD 


This  Table  shows  the  spreadsheet  analysis  for  the  ITTC 
single  length  method. 
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Table  11.  ITTC  resistance  calculations  for  a  single  length 


analysis  of  the  SLICE. 


Table  11.  ITTC  resistance  calculations  for  a  single  length 

analysis  of  the  SLICE. 
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Table  11.  ITTC  resistance  calculations  for  a  single  length 

analysis  of  the  SLICE. 


B.  ITTC  SECTIONALI ZED  HULL  METHOD 

This  Table  shows  the  spreadsheet  analysis  for  the  ITTC 
sectionalized  hull  method. 


Table  12.  ITTC  resistance  calculations  for  a  sectionalized 

hull  analysis  of  the  SLICE. 
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hull  analysis  of  the  SLICE. 


101 


102 


I22SS!2E2I3 

Ship  j 

Ship 

Ship 

Ship 

1 

Ship 

■ 

E222' 

raw 

B22EE3JI 

EJJJJJJESEEI 

1 

MTH'l  IM 

minmm 

1221! 

HS3I 

QESD 

CRs 

■■£■■ 

Hai£Si 

IC-I1 

Hsa 

711 

■Hkrafc&atl] 

mmnm 

1392 

HK9EEES 

133 

HBW3WH 

2236 

□ 

34 

471 

mmm 

■HIUlU 

213392241 

1177 

■BEOS 

159 

2175 

■ 

■B 

■■ 

HQ 

mmmv\ 

1448 

HQEEEE 

hheeq 

2629 

1 

■I 

mm 

TTE1 

25321433 

eieet3s«ei 

1710 

HESSES 

224 

3082 

j 

mm 

■ESS 

■HU 

27214680 

5648 

ihhiees 

258 

huifsb.m 

7217 

mm 

hebb 

HUE! 

■mmu 

UMOsgiM 

10086 

■KKEES 

297 

11873 

HEQ 

1686 

2.48E-03 

31197144 

gHJiH 

7656 

0.0005 

339 

9681 

gilil 

HeEE 

1886 

2.46E-03 

33155786 

1.30E-02 

9956 

0.0005 

383 

12226 

hi 

hsb 

1983 

2.45E-03 

34069830 

1.80E-02 

14532 

messes 

405" 

16920 

mm 

h-es 

H3HEEI 

2.44E-03 

35049170 

Hama 

20672 

0.0005 

428 

23189 

■inn 

hsb 

2198 

2.43E-03 

mimmi 

3.08E-02 

27859 

0.0005 

452 

30510 

mm 

■EE 

2309 

2 . 42E-03 

37007873 

kKMAM 

34517 

■■SEES 

477 

HUi&U 

37304 

»EtM 

■EES] 

«*!*>*» 

wirg'H 

39592 

hhees 

503 

42518 

EH 

■EB 

2540 

2.40E-03 

38966604 

4.07E-02 

43084 

0.0005 

529 

46153 

KEH 

bWM 

2651 

2.39E-03 

39880688 

4.06E-02 

45007 

0.0005 

554 

48212 

EBB 

■mw.1 

HEEEE3 

WM5gT.Fl 

45335 

0.0005 

582 

frlHasgtH 

48689 

IW»J 

heq 

BKSiiiLU 

HWlSB’H 

42806 

hesees 

641 

Hia5g«H 

46478 

EBB 

bw.ti 

■aa 

■•ffi-ygH 

■EEMEEI 

38171 

hkeees 

701 

FTOraHR 

42163 

ETEE1 

■eh 

HSB 

■#Krg*H 

33536 

0.0005 

761 

MfW*W 

37849 

mil 

■  him 

TTTI 

M’JfcM&ikl 

■gl:fAfckkF.I 

■  Wfj.lsqiy-1 

28871 

hekees 

826 

FW.Via.M 

33529 

H£E£] 

itrtg.w 

25769 

0.0005 

894 

IWfHgtVJ 

30785 

HUS 

HWWH 

23195 

0.0005 

962 

28568 

|  4719 

2.28E-03 

54506705 

1.05E-02 

21642 

hekees 

1035 

27397 

HWri 

hbb 

■ns 

■sxssn 

■mo 

liKtraPH 

20072 

0.0005 

1189 

26626 

■EB 

6050 

2.23E-03 

62342510 

19494 

^hkees 

1354 

EB£«<M 

26898 

iECT 

■H 

6759 

2.21E-03 

66195208 

19405 

0.0005 

1527 

HFHgFI 

27691 

inn 

■S3 

7505 

2.19E-03 

5.63E-03 

0.0005 

1710 

28475 

EBH 

■EH 

8314 

2.18E-03 

74031372 

5.12E-03 

19543 

0.0005 

1910 

29766 

mti 

■EE 

9133 

2 . 16E-03 

77884230 

4.81E-03 

20338 

i^kkeee 

2113 

IrgMJ.M 

31585 

HJd:l 

IES3 

2 . 15E-03 

81737133 

wwaiti 

20553 

0.0005 

2328 

32869 

MtH 

EEB 

■EEEQ 

2.13E-03 

85720690 

cttoaai 

21718 

1HKEES 

2560 

Mfcki**! 

35186 

fckWid 

»w.1.1 

12829 

2.10E-03 

93557324 

3.84E-03 

23403 

■OEEES 

3049; 

BEEBES 

39280 

14857 

2.08E-03 

3.49E-03 

24925 

hekees 

3572 

43354 

■■IrliHil 

HEKEESS 

26706 

0.0005 

4146 

47913 

Bffl 

ra 

M'BgH 

fcftsau 

28274 

^hsees 

4763 

HBEKB 

K2E 

mntomi 

■WWHIH3 

mm 

29698 

0.0005 

5411 

l*!d=a« 

56955 

H4)l 

24465 

2.00E-03 

132481354 

2.61E-03 

31903 

0.0005 

6113 

62481 

■SB 

27222 

1.98E-03 

2.47E-03 

33901 

6858 

EftMikl 

67980 

SSE 

iTCEEFI 

inn  mi 

iron 

eeeb 

i—aaaEB 

HfEFffEI 

38942 

8461 

OB33'H 

80495 

likWH 

Table  12 . 


ITTC  resistance  calculations  for  a  sectionalized 


hull  analysis  of  the  SLICE. 


C.  HUGHES  SECTIONALIZED  HULL  METHOD 

This  Table  shows  the  spreadsheet  analysis  for  the 
Hughes  sectionalized  hull  method. 
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D.  MODIFIED  HUGHES  METHOD 

This  Table  shows  the  spreadsheet  analysis  for  the 
modified  Hughes  method. 
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